In this paper, we examine the concept of surrogate endpoints (i.e. substitute outcome measures) and review their use in clinical trials involving therapies for diabetes mellitus using the example of metformin. Trials such as DCCT and UKPDS, in which patient-important endpoints were evaluated, are relatively rare in diabetology. Clinical decisions, therefore, are often based on evidence obtained using surrogate outcomes, usually fasting or postprandial glycemia or glycated hemoglobin level. In contrast to patient-important endpoints, surrogates do not describe direct clinical benefit to the patient. However, a proven association between a surrogate and patient-important endpoint is essential to draw appropriate therapeutic conclusions. In the process of new drug development, the duration of follow-up, sample size and methodology of the studies initially available are often inadequate to demonstrate the effect of the intervention on patient-important endpoints. Evidence concerning the effect of an intervention on surrogate outcomes usually comes first, followed only later by reports describing its influence on patient-important endpoints. Metformin may serve as an example in several ways. The first publications reported beneficial effects on glycemic control and body weight. Outcomes from the subsequent UKPDS study suggested the patient-important efficacy of metformin measured as a reduction in mortality and a decrease in the incidence of diabetic complications, including myocardial infarction. This reasoning process worked for some but not all strategies. It is particularly questionable whether a change in surrogate endpoint was associated with a potential deterioration in patient-important outcomes. Defining the general relationship between surrogates widely used as measures of metabolic control and patient-important endpoints remains an important challenge in contemporary diabetology.
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Vocabulary of endpoints description in clinical trials
nderstanding and interpreting the methodology and results of clinical studies requires familiarity with a wide range of terms and definitions which, if not used carefully, may be difficult or confusing for the reader of clinical literature. The different concepts associated with describing an endpoint may serve as an example. An endpoint (or an outcome) is any measurable effect (usually, but not necessarily, related to health) observed in individuals participating in a clinical trial. The effect of an external factor (for example, tobacco smoking as predictive factor or a prophylactic cholesterol lowering drug as therapeutic factor) on this kind of selected endpoint is investigated in clinical studies [1] . Readers of clinical literature may encounter different descriptions of outcomes/endpoints: primary versus secondary, hard versus soft, clinically important, patient-important and surrogate.
The issue of primary and secondary endpoints is one of the least complex; it refers to the investigators' selection of measurements prior to the study, a choice influencing their sample size calculations, analysis and reporting of results. In some trials, the primary endpoint may be mortality or stroke, in others resource use and in other studies the average change of cholesterol level, creatinine level, blood pressure, or number of hairs per cm 2 . Those outcomes may or may not be objective (hard, meaning reproducible and not influenced by the measurement process, i.e. death, amputated limb, cholesterol level) versus subjective (soft, meaning potentially influenced by the measurement process or with questionable reproducibility, i.e. description of the patient's mood at a given moment).
In comparison to the distinction between endpoints made above (hard versus soft, primary versus secondary), the difference between clinically important or patient-important versus surrogate (or substitute) endpoints is sometimes less evident. One of the ways to define patient-important outcomes is to ask ourselves and our patients a question, namely if this was the only outcome changed by the given intervention would it be worth using that treatment (even assuming that it was non-toxic and not excessively expensive). Mortality, functional capacity, myocardial infarction, well-being, symptoms of hyper-or hypoglycemia are likely to fulfill this criterion; cholesterol level, HbA1c or blood pressure lowering effects (again, in the absence of other reasonably proven benefit) most likely do not. This in no way implies that treating hypertension or hypercholesterolemia is not worthwhile, as these parameters are still the therapeutic goal, but it is important to remember that some lipid or cholesterollowering drugs may have more impact on patientimportant outcomes than others and some of them may even be harmful [2] . Clinically important, clinically relevant, patient-oriented and patient-important endpoints are frequently used interchangeably, and what is more important in the context of this article, are used in contrast to surrogate endpoint. Our language will reflect our preference to define what is clinically important from the patient's perspective using, whenever possible, the concept and phrase 'patient-important' endpoint as opposed to surrogate endpoint [3] .
According to the current definition of the Food and Drug Administration (FDA), a surrogate endpoint is a substitute for a patient-important endpoint, i.e. substitute for a therapeutic effect [4, 5] . In this sense, surrogate endpoints (also sometimes called substitute or intermediate endpoints) are those which are not directly patient-important, yet are considered to be important or at least relevant in the decision-making process.
The first statistical definition of a surrogate was formulated by Prentice in 1989 [6] . He defined a surrogate endpoint as "a response variable, for which a test of the null hypothesis of no relationship to the treatment groups under comparison is also a valid test of the corresponding null hypothesis based on the "true" endpoint". Such a definition requires that the studied intervention has a statistically significant effect on both patient-important and surrogate endpoints and that the entire effect of treatment on the "true" endpoint is conveyed by the surrogate [6] . The latter condition, when included in the first definition of a surrogate endpoint, was considered too restrictive [7] . For example, ACE inhibitors and calcium blockers have similar impact on blood pressure lowering but their influence on cardiovascular events is different, which may mean that blood pressure control is not the only factor responsible for treatment effect [8] [9] [10] . Many authors, including Busye, Molenbreghs and Friedman [7, 11, 12] , made a significant contribution to making this definition more practical. The core of surrogate use is belief in their association (sometimes casual) with patient-important outcome.
Validation is a term commonly used in the context of surrogate assessment. It may be used as statistical validation (underlining statistical correlation between the investigated phenomena) or as biological considerations (in which a causal relationship is stressed). This group of endpoints includes biochemical (e.g. serum cholesterol level) as well as pathophysiological (e.g. arterial blood pressure) or morphological variables (such as the diameter of a coronary artery or left ventricular hypertrophy). Some authors accept that surrogates may not be directly involved in the pathophysiology of the disease but reflect the activity of a process leading to unfavorable events [13] . An example of the latter could be the level of changes in HbA1c. Glycation of hemoglobin per se does not cause severe pathophysiological consequences; however, its intensity reflects glycemic exposure over a period of a few months.
To summarize, a surrogate does not describe direct benefit to the patient and its usefulness in evaluating such benefit depends on how much it allows for prediction of treatment effect on patient-important out-comes ( Figure 1) . A parameter that is potentially useful as a surrogate endpoint may be:
-directly involved in the pathophysiological pathway of the disease (i.e. it is identical with one of the mechanisms, on which a medication or intervention used in treatment of the disease acts), for example coronary artery stenosis as a surrogate for myocardial infarction or cardiac death; -related to, but not directly involved in, the pathophysiology of the disease (i.e. directly associated with one of the stages of the disease occurrence and thus correlating with its progression or response to treatment), for example serum cholesterol level as a biomarker of myocardial infarction risk; -not directly associated with any disease mechanism or its response to treatment (for example HbA1c level as a surrogate for the incidence of late complications of diabetes mellitus) [14] .
It is sometimes neither possible nor feasible to perform a valid evaluation of the efficacy and safety of the treatment based on patient-important endpoints in a reasonably short time. Trials, in which those clinically relevant endpoints are evaluated, require a relatively long time and large investigated groups. These conditions complicate the organization and increase the costs of such trials, but the most important problem is the time usually required before the results are known, a period usually measured in years. Meanwhile, patients and physicians expect new medications to be introduced onto the market as rapidly as possible.
Therapeutic decisions based exclusively on surrogate endpoints have their advantages and disadvantages. On the one hand, such decisions may result in the quicker introduction of a specific intervention into clinical practice, as was the case with certain antiviral drugs used in HIV infection therapy, where the decision was based on their ability to increase CD4+ cell count [15] . Such a policy also makes it possible to reduce the costs of assessing a health technology or medical product. On the other hand, in certain situations this may lead to false conclusions resulting in unfavorable clinical consequences. For example, sodium fluoride was proven to increase bone mineral density (BMD), but, contrary to expectations, clinical trials demonstrated that it had no effect on the fracture rate in postmenopausal women [16] . Worse still, certain antiarrhythmic drugs were introduced on the basis that they suppressed premature ventricular contractions with the hope of saving lives. The results of clinical trials looking at patient-important outcomes proved this supposition to be tragically wrong [17] . Use of surrogates is therefore hampered by the fact that the evaluation of their association with relevant clinical endpoints may be incomplete, inadequate or downright erroneous.
Surrogate endpoints in diabetes mellitus trials
The surrogate endpoints most often used in diabetes mellitus studies include HbA1c level, FPG and PPG. The patientimportant and surrogate endpoints related to diabetes mellitus are summarized in Table 1 . It is interesting to note that some stages of a particular diabetic complication, for example nephropathy, should be considered patient-important while others tend to be classified as a substitute (endstage renal disease vs. microalbuminuria) [18] . The pathophysiological rationale for the use of HbA1c, FPG and PPG in assessment of metabolic control in diabetes mellitus is well documented. However, this does not automatically mean that any therapeutic intervention resulting in improved metabolic control as assessed by these parameters reduces the risk of developing late micro-and macrovascular complications or of patients' mortality. According to recommendations from the American Diabetes Association (ADA), World Health Organization (WHO) and American College of Endocrinologists (ACE), HbA1c level is considered the "gold standard" in assessment of metabolic control and the specific level of HbA1c constitutes the target at which treatment of both type 1 and 2 diabetes mellitus should be aimed [19] . It should be noted that in two fundamental diabetology studies, the DCCT in type 1 and the UKPDS in type 2 diabetes mellitus, pharmacological interventions leading to the 
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The reduction of this parameter were associated with improvement in clinical endpoints, i.e. microvascular complications [20, 21] .
All three organizations (ADA, WHO and ACE) also underline the importance of normalizing FPG and PPG. Nevertheless, it must be stressed that clinical trials convincingly demonstrating a direct relationship between reduction in PPG and improvement in patient-important endpoints are not yet available. Several trials in patients with type 1 or type 2 diabetes demonstrated the favorable effect of PPG reduction on the intima-media complex thickness (IMT) [22] [23] [24] . IMT cannot, however, be considered to be a clear patientimportant endpoint, although its correlation with the incidence of cardiovascular events (stroke, myocardial infarction and others) has been described in several studies that included non-diabetic subjects [25] [26] [27] .
The relationships between the different surrogates reflecting metabolic control in diabetes mellitus are themselves worth consideration. The level of HbA1c alone does not convey comprehensive information about the amplitude and frequency of glycemic fluctuations, especially in patients with type 1 diabetes mellitus, which makes it an insufficient sole marker of glycemic control [28] . A series of trials was undertaken to investigate the relationships between HbA1c level and FPG as well as PPG. Earlier studies demonstrated a weaker correlation of HbA1c with PPG than with FPG [28] . Other reports indicated that relationships between HbA1c level and PPG and FPG may vary, depending on level of metabolic control. A study in patients with type 1 diabetes mellitus demonstrated that PPG in patients whose HbA1c level was in the lowest quartile (<7.3%) was responsible for 70% of its increase above normal levels, while for those in the highest quartile (≥9.3%) the influence of FPG was decisive. Between those two extremes, the effects of FPG and PPG on HbA1c level were similar [29, 30] . These findings were confirmed in the latest research published by Woerle et al. [31] . They showed that the impact of PPG was about 80% on HbA1c when HbA1c was below 6.2%, and only about 40% when HbA1c was >9%.
In many diseases, establishing a relationship between surrogates and patient-important endpoints remains a challenge. Providing such proof may bring benefit to both patients and physicians, as both are interested in finding the most effective therapy. Introducing a new intervention into practice may be much faster if the effect of the intervention on a surrogate is measured and the relationship between the surrogate and a patient-important endpoint is unequivocally proven.
In case of diabetes mellitus, less than twenty large randomized clinical trials evaluating patient-important endpoints have been published. Frequently, there are no clinical trials regarding patient-important endpoints for some widely used interventions; for some interventions, trials of this kind appeared years after the intervention was introduced onto the market.
Could, or what is more important, should the results of clinical trials designed to evaluate surrogate endpoints be used in formulating clinical decisions? Metformin may serve as an example of a medication that was used in diabetic clinical practice for many years despite lack of proven beneficial effect on patient-important outcomes.
The example of metformin -surrogates and patient-important endpoints
Metformin belongs to a group of drugs called biguanids. It is currently one of the most popular medications used in treatment of type 2 diabetes mellitus. It has been in use for more than 50 years [32] . Metformin was banned in USA in 1977 and was removed from US market for the subsequent 2 decades because of uncertainty as to whether it was associated with lactic acidosis. The drug reappeared on the US pharmaceutical market in mid-1990s [33] .
In the nineties, use of this drug was restricted by numerous precautions, not only because of the risk of adverse effects, but also because the efficacy of metformin was proven with respect to typical surrogates only. The situation changed dramatically with the publication of the results of the UKPDS study in 1998 [20] . It may be interesting, therefore, to look at the evidence available prior to publication of the UKPDS results and afterwards.
In 1999 a meta-analysis of the results of all studies published up until 1995 where metformin was compared with placebo or sulphonylurea derivatives was published by Johansen [34] . This meta-analysis was based on a valid systematic review of clinical trials, and its results may be considered reliable and up-to-date at the time of publication. A review of the literature published before the mid-1990s identified 9 randomized controlled clinical trials, in which metformin was compared to placebo, and 10 randomized trials, in which metformin was evaluated in comparison with the sulphonylureas. The results of these studies were included in the meta-analysis.
The pooled results of the 9 studies led to the conclusion that metformin, in comparison to placebo, decreased FPG and the HbA1c level and caused no changes in body weight. The specific data are shown in Table 2 .
In the same meta-analysis of 10 randomized controlled trials, no differences were found between metformin and sulphonylureas with respect to the change in glycated hemoglobin level or fasting glycemia. At the same time, it was demonstrated that the drugs investigated had the opposite effects on body weight. Use of metformin contributed to reduction of body weight, while use of sulphonylureas increased it ( Table  3) . The meta-analysis of Johansen, published before the UKPDS study results were available, demonstrated the efficacy of metformin, against placebo, measured by laboratory parameters and suggested a lack of unfavorable effect on body weight. As compared to sulphonylureas, metformin demonstrated similar effects on metabolic control, but its influence on body weight was more favorable.
The UKPDS study results published in 1998 evaluated the effect of metabolic control on clinical outcome in type 2 diabetes mellitus and demonstrated that the risk of death or diabetes-related complications was lower in the group of obese patients treated with metformin as compared to such patients treated with insulin or sulphonylurea derivatives. At the same time, patients treated with metformin (as compared to conventional treatment) were at lower risk of diabetes-related complications, myocardial infarction, cardiovascular death and death regardless of the cause [20] .
In 2005, Saenz et al. [35] published a Cochrane Collaboration systematic review, including (among others) the UKPDS study results. In this paper, the favorable effect of metformin versus placebo on metabolic control was confirmed (Table 2) . Similarly to Johansen's metaanalysis [34] , no differences between metformin and placebo were demonstrated with respect to changes in body weight (Table 3 ) [35] . In addition, this metaanalysis demonstrated more favorable effect of metformin on metabolic control in comparison to those of sulphonylureas. The difference between the two drugs was small but statistically significant. It also confirmed that metformin had a more favorable influence on changes in body weight. Most importantly, however, the UKPDS study results proved its benefits with respect to patient-important endpoints (Table 2 and 3) [35] .
The above theoretical and historical considerations on the role and position of metformin demonstrate that, in this case, the favorable effects of the drug with respect to surrogates and body weight were confirmed in randomized clinical trials using patient-important outcome measures, long after the drug was introduced on the basis of its effect on metabolic surrogates.
Further comments on surrogate endpoints, epidemiological studies and other classes of diabetic drugs
Our review of the literature indicates that clinical trials using patient-important endpoints are scarce in diabetology. The Cochrane Collaboration, an organization which develops valid and up-to-date systematic reviews, has published dozens of these on diabetes mellitus. Analysis of these and other credible systematic reviews dealing with diabetic management indicates that the efficacy of most interventions, both pharmacological and behavioral, is proven with respect to surrogates, while the effects of those interventions on patient-important endpoints remain unknown or unproven. For example, no studies unequivocally confirming the favorable effect of sulphonylureas on the risk of diabetes-related complications have been published so far. Although sulphonylurea derivatives are used as comparators for new drugs (e.g. the ADOPT and RECORD studies for rosiglitazone) [36, 37, 38] , the effect of this group of drugs on primary endpoints as compared to placebo has not been demonstrated [39] . In June 2008, the results of the ADVANCE study, which indirectly suggested that gliclazide has a favorable effect on a combination of macrovascular and microvascular endpoints (or, at least, on new or worsening nephropathy), was published. However, the objective of that study was to assess the effect of strict glycemic control (target HbA1c level ≤ 6.5%) not that of the drug itself on reducing the risk of diabetic complications and, therefore, any conclusions regarding sulphonylureas are indirect [40] .
Other anti-diabetic medications, such as alphaglucosidase inhibitors or meglitidines, were also proven to have a favorable effect on metabolic control, while their effect on patient-important endpoints in type 2 diabetes mellitus remains unknown, unproven or disputable [41, 42] . In 2004, Hanefeld et al. published a meta-analysis [43] which indicated that acarbose exerts a favorable effect on reduction of the risk of cardiovascular complications in type 2 diabetes mellitus; however, that analysis was not based on systematic review. The criteria for considering studies were not clearly specified, only trials from Bayer Acarbose clinical database were included (no systematic searching), no critical appraisal of included studies were performed and only pooled results of the meta-analysis were presented but not data from single studies [44, 45] . However, a systematic review concerning acarbose published by the Cochrane Collaboration one year later [41] , failed to confirm the optimistic report made by Hanefeld et al. Publication of the recent ACCORD study casts more doubt on the connection of surrogate endpoint HbA1c (6.4% versus 7.5%) and patientimportant outcomes, as the study was interrupted because of excessive mortality in the intensively treated group [46] .
Final comments and our conclusions
The facts discussed above indicate that, when dealing with diabetes mellitus, individual physicians, opinion leaders and regulatory bodies have often based (and still frequently base) their decisions or recommendations on the results of clinical trials evaluating surrogate endpoints. Such decisions, albeit difficult and associated with the risk of erroneous clinical reasoning, were made in the past, as illustrated by the example of metformin. Studies evaluating the effect of drugs on metabolic control predominate in diabetology, which is why it was so important that, in pivotal trials, surrogates were found to be associated with patientimportant endpoints, at least in the form of microvascular complications and in relation to specific drugs. In the UKPDS study, the relationship between lower HbA1c and a lower risk of developing microvascular complications in type 2 diabetes mellitus was demonstrated. The DCCT study confirmed the favorable effect of metabolic control as measured by this surrogate endpoint on reducing the risk of microangiopathies in type 1 diabetes mellitus.
Additional support for the relationship between surrogate and patient-important outcomes was provided by Selvin et al. [47] , who demonstrated in a metaanalysis of observational studies that a 1 percentage point increase in HbA1c level is related to a statistically significant increase in the risk of cardiovascular complications. Along the same lines, Groeneveld et al. reviewing the literature demonstrated that in 23 out of 27 identified studies there was a relatively weak but statistically significant relationship between the metabolic control level (measured using FPG or HbA1c) and mortality [48] . However, it is impossible to ignore opposite findings, including the potential for increased mortality observed in the ACCORD trial. Another finding that cannot be ignored is that from other areas of medicine, where correlation between surrogates and patient-important outcomes hold for some but not all drugs influencing any given surrogate [2] .
Considering all of the above, we conclude that both pivotal clinical studies as well as meta-analyses (which are scarce and suffer from limitations) indicate a correlation and association between the improvement in HbA1c level and changes in certain selected patientimportant endpoints, best proven for micro-vascular complications. Evidence for the relationship between PPG-used as a surrogate in clinical trials-and the occurrence of patient-important endpoints is lacking. Formulating definite and complete answers to questions concerning the relationship between all surrogates widely used as metabolic control measures and patient-important endpoints seems to be an important challenge in contemporary diabetology. After new data from clinical studies currently underway becomes available and a complete systematic review of both new data and already published reports is performed, we may well be close to an answer.
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